High field Hall resistivity and magnetoresistance in electron-doped Pr2_a;Cei.Cu04_5 
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We report resistivity and Hall effect measurements in electron-doped Pr2-a:Cej;Cu04_i films in 
magnetic field up to 58 T. In contrast to hole-doped cuprates, we find a surprising non-linear mag- 
netic field dependence of Hall resistivity at high field in the optimally doped and overdoped films. 
We also observe a crossover from quadratic to linear field dependence of the positive magnetoresis- 
tance in the overdoped films. A spin density wave induced Fermi surface reconstruction model can 
be used to qualitatively explain both the Hall effect and magnetoresistance. 

PACS numbers: 74.25.Fy, 71.10.Hf, 73.43.Nq, 74.72.-h 



Electron-doped (n-doped) cuprate superconductors 
have exhibited enough similarities with their hole-doped 
(p-doped) high-Tc counterparts so that any eventual ra- 
tionalization of the phenomenon of high temperature su- 
perconductivity (SC) would have to treat both poles of 
the doping spectrum in the similar manner. Some of the 
key phenomena realized in both types of high-Tc com- 
pounds, such as the competition between antiferromag- 
netism(AFM) and SC or the anomalous temperature de- 
pendence of the transport coefhcients, pose challenging 
questions for the condensed matter physics. Meanwhile, 
a number of studies in the past years have identified dis- 
tinct differences in the properties of n-doped and p-doped 
cuprates. Understanding the causes of the differences 
and similarities may lead to understanding of the phe- 
nomenon of high temperature superconductivity. Among 
the distinctive properties, angle resolved photoemission 
spectroscopy (ARPES) experiments 0, in n-doped 
cuprates have revealed a small electron-like Fermi sur- 
face (FS) pocket at (tt, 0) in the underdoped region, and 
a simultaneous presence of both electron- and hole-like 
pockets near optimal doping. This clarifies the long- 
standing puzzle that transport in these materials exhibits 
unambiguous n-type carrier behavior at low-doping, and 
two-carrier behavior near optimal doping 4, 5, 6, 7J- Re- 
cent low temperature normal state Hall effect measure- 
ments \§\ on Pr2_a;Cea;Cu04_5 (PCCO) show a sharp 
kink of the Hall coefficient at a critical doping a;=0.16, 
which suggests a quantum phase transition (QPT) at 
this doping. Early /xSR measurements found that the 
AFM phase starts at x=0 and persists up to, or into, 
the SC dome [9|. Neutron scattering experiments [lo| 
show an AFM phase above critical field in an optimally 
doped n-type cuprates, but no such phase on the over- 
doped side. Optical conductivity experiments [ll| reveal 
a partial normal state gap opening at a certain tempera- 
ture in the underdoped region, but no such gap is found 
above the critical doping. A spin density wave (SDW) 



model [13, [H was proposed, which gives a plausible, but 
qualitative, explanation to these observations. In this 
model, SDW ordering would induce a Fermi surface (FS) 
reconstruction and result in an evolution from an elec- 
tron pocket to the coexistence of electron- and hole-like 
pockets with increasing doping, and eventually into a sin- 
gle hole- like FS. The SDW gap amplitude decreases from 
the underdoped side and vanishes at the critical doping. 

Recently, an inelastic neutron scattering measurement 



on Nd2_a:Ce2,Cu04-5 (NCCO) by Motoyama et al. [14| 
found that long range ordered AFM vanishes near the SC 
dome boundary, a;=0.13. They claim that SC and AFM 
do not coexist and that the QPT occurs at a;=0.13, which 
differs from the results mentioned above. Therefore, the 
presence of a QPT and the location of the quantum crit- 
ical point (QCP) in n-doped cuprates is still under con- 
siderable debate. Whether the QCP is under the SC 
dome and if SC and AFM coexist are important issues 
to clarify. Similar issues exist for the p-doped cuprates, 
although the nature of any order parameter (in the pseu- 
dogap phase) which might disappear at a QCP under the 
SC dome is unknown. 

In this Letter, for the first time, we used a high mag- 
netic field to investigate the transport behavior in n- 
doped PCCO over a wide range of doping and temper- 
ature. We performed Hall resistivity and ab-plane re- 
sistivity measurements on PCCO films from underdoped 
(UND) (a;=0.11) to overdoped (OVD) (a;=0.19) for tem- 
perature down to T=1.5 K and magnetic field up to 58 T. 
We find that both the Hall resistivity and magnetoresis- 
tance(MR) show a dramatic change near optimally doped 
(OPD) 21=0.15. A surprising non-linear Hall resistivity 
for 3;>0.15 is observed, while linearity of the Hall resis- 
tivity persists up to 58 T in the UND films. In the OVD 
region, a crossover of MR from a low field quadratic be- 
havior to a high field linear dependence is found, which is 
in agreement with a recent theory on the magnetotrans- 
port properties near a metallic QCP fld\. Our results 
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FIG. 1: (color online), (a) Normal state Hall coefficient Rh 
versus temperature for PCCO films measured at /ioIf=14 T 
[H _L ab and H>Hc2). (b) Hall resistivity pxy versus H for 
the UND PCCO 3;=0.13 film at T=4 K and 50 K. 



suggest that the QPT occurs around optimal doping in 
the n-doped cuprates. 

PCCO c-axis oriented films with various Ce concentra- 
tions (a;=0.11 to 0.19) were fabricated by pulsed laser de- 
position on (100) oriented SrTiOa substrates [l^]- Since 
the oxygen content has an influence on both the SC and 
normal state properties of the material Q , we optimized 
the annealing process for each Ce concentration as in 
Ref. Q. The sharp transition, low residual resistivity and 
the Hall coefficient are exactly the same as in our previ- 
ous report Q . We note that the exact content of oxygen 
cannot be determined in films and we use the Tc values of 
the annealed films and Ce content to determine the tem- 
perature versus doping phase diagram. Photolithography 
and ion mill techniques are used to pattern the films into 
a standard six-probe Hall bar. Resistivity and Hall effect 
measurements were carried out in a 60 T pulsed mag- 
netic field at the NHMFL. The magnetic field is aligned 
perpendicular to the ab-plane of the films. Possible eddy 
current heating was carefully considered and reduced. 

The Hall effect is measured for all the doped PCCO 
films. At low field for H up to 14 T, the Hall re- 
sistivity pxy{H) is linear at all dopings and tempera- 
tures [sl and the Hall coefficient Rh is determined as 
Pxy/H. Fig. [Tfa) shows the temperature dependence 
of Rh measured at 14 T for all the PCCO films, sim- 
ilar to our previous report In high fields, we find 
that the linear negative Pxy{H) (electron-like) persists 
up to 58 T in the UND films at temperatures below 100 
K (the limit of our present data). Fig. [TJb) shows the 
PxyiH) data for an UND x^O.lS film (Tc=ll K). For 
the non-superconducting a;=0.11, a similar behavior is 
observed (not shown). In contrast, as x approaches the 
OPD a;=0.15, pxy{H) behaves differently. As shown in 
Fig. [2fa), at low temperatures (T<50 K) pxy{H) is neg- 
ative and linear up to about 30 T but then starts curv- 
ing towards positive slopes. This nonlinearity begins at 
higher fields as the temperature is increased and it ap- 
pears that pxy{H) will become linear above 50 K, but 
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FIG. 2: (color online). Hall resistivity pxy versus H for the 
OPD and OVD PCCO films (a) x=0.15, (b) a;=0.16, (c) 
x=Q.n, (d) a;=0.19. 



we were not able to obtain data above 50 K on this film. 
For the OVD film a;=0.16, the low temperature pxy{H) 
is positive and slightly non-linear at high field. The non- 
linearity becomes more prominent near the temperature 
where Rh changes sign (about 25 K), but then a nega- 
tive linearity of pxy{H) is found at higher temperatures. 
The positive slope of pxy{H) at high field for T<75 K in- 
dicates a hole-like contribution. A similar behavior was 
observed for the x=0.17 film as shown in Fig. [H^c). For 
a highly OVD film, a;=0.19, in which Rh is always pos- 
itive, but with a minimum around 120 K [see Fig. [ija)], 
a strong field dependence of pxy{H) is observed above 
30 K, while pxy{H) is linear at low temperatures. We 
note that this non- linear pxy{H) in the OPD and OVD 
films is in striking contrast to the linear pxy{H) found up 
to 60 T in p-doped Bi2Sr2-j;Laa;06+5 at all dopings and 
temperatures [17| . 

The in-plane magnetoresistance (MR) is also measured 
in PCCO films and we find that the high field MR varies 
greatly with doping as well. In the UND region, a large 
low temperature negative MR (nMR) is observed, similar 
to the prior work [2lj. For a;=0.11 (T<100 K), this nMR 
persists up to 58 T, while for a:=0.13 (T<30 K), the nMR 
tends to saturate at high field, as shown in the inset of 
Fig.[2{a). A positive MR is recovered for T>50 K, and it 
follows a quadratic field (H^) dependence. For the OPD 
a;=:0.15, the low temperature nMR reverses to a positive 
MR at H~30 T [Fig. W^)]. For T>20 K, this positive 
MR also obeys H"^. In the OVD films, a positive MR 
is found in the normal state, but the field dependence 
of the MR is surprisingly different as the temperature is 
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FIG. 3; (color online). In-plane resistivity versus H {H ± ab) 
for PCCO films (a) a;=0.f3 (b) 0.f5 (c) 0.17 and (d) first 
derivative plots for 0.17. Insets show the magnetoresistance 
in a different temperature range from the main panels. 



increased. Fig. ^c) and (d) show the MR along with the 
first field derivative of MR {dp^^{H)/dH) for x=0.17. 
At low temperatures (T<20 K), a nearly linear MR for 
H>Hc2 is found, as seen from the roughly constant be- 
havior of the dpxx{H) / dH plot. However, in the inter- 
mediate temperature range where the non- linear pxy{H) 
is prominent, we find that dpxx{H) / dH increases mono- 
tonically at lower field and then saturates to a nearly 
constant value at higher field. The low field linear in- 
crease of dpxx [H) I dH indicates a quadratic MR and the 
high field saturation indicates a linear MR. A similar lin- 
ear MR is also observed in the a;=0.16 and 0.19 films at 
low temperatures where the linear pxy{H) is in present. 
At higher temperatures, the MR changes from quadratic 
at low field to linear at high field. 

The non-linear behavior of pxy{H) displayed on Fig. [2] 
can be simulated within the framework of a conven- 
tional two-band Drude model. The Drude model assumes 
field-independent carrier density and relaxation time, in 
which case p{H) can be written as [l3|: Pxy{H) ~ 

((,^+<,^)2+^2^j!(^^_fl^)2^2 -« and pxx[^) Should De 
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Pxx{H) - (ah+<j^)'^+<jl<y1(Rh-R.YH^ 
are electrical conductivity and Hall coefficient of the elec- 
tron (hole) band] . Using the relation of ctq = ^^h + Ce (f o 
is the zero field normal state conductivity), one param- 
eter is eliminated. We attempted to fit our pxy{H) and 
MR data, but we could not fit both pxy{H) and pxx{H) 
with the same fitting parameters for any of the films. 
We also find that the parameters by fitting pxy{H) alone 



are in conflict with ARPES results. The hole and elec- 
tron densities at T=10 K for a;=0.15 from our fit are 
n,^ = = 6.0 X 102"/cto3 and = 3.5 x lO^o/cm^, 

which disagree with rt/i = 3.6 x 10^''/cm'^ and rie — 
1.8 X 10^^/cm'^, the estimate from the areas of the hole 
and electron pockets in ARPES 1, 19]. The departure of 
our fits from the experimental data is most likely due to 
the simple assumption of a field-independent charge den- 
sity and scattering in the Drude model. This is unlikely 
to be valid for the n-doped cuprates with their complex 
FS. It is likely that there is a stron g an isotropic scatter- 
ing, as found in p-doped cuprates [20]. Therefore, the 
simple Drude model is not sufficient to explain the high- 
field magnetotransport in PCCO. A modified model with 
consideration of field dependent charge density or scat- 
tering might explain our data, however, this is beyond 
our present knowledge and the scope of this Letter. 

We now discuss a qualitative (and speculative) expla- 
nation for our data. As seen from the phase diagram of n- 
doped cuprates (see Fig. [5]) , the long range ordered AFM 
phase persists up to a critical doping of Xc (exact location 
is under debate). In the UND region, a larg e SDW gap 
{AsDw) opens at certain temperatures [ll|. In a mag- 
netic field comparable to the gap (i.e. ijlbB ~ Asdw), 
one expects a suppression of Asdw by the field and a 
consequent change of the FS. Since pxy{H) is sensitive to 
the shape of the FS, a non-linear pxy in high field might 
emerge. Applying this picture to our data, let us start 
from the lowest temperature (1.5 K). In the UND a;=0.11 
and 0.13, we find that the linear pxy{H) persists up to 58 
T [Fig. [Ijb)] , suggesting that the field is not sufficient to 
destroy the large SDW gap. Therefore, the electron-like 
pocket still survives to high field for all the temperatures 
measured. As the doping approaches the critical dop- 
ing, Asdw decreases rapidly. When the magnetic field 
is strong enough to suppress the smaller gap, the hole- 
like pocket emerges and will contribute to pxy{H). The 
positive slope of pxy{H) at high field in the OPD film 
a; =0.1 5 suggests the suppression of the SDW gap and a 
contribution from the hole band. 

In the OVD region for x > 0.16, the linear positive 
Pxy{H) at the lowest temperature strongly suggests the 
absence of the SDW gap and a hole-like behavior. The 
nonlinearity of pxy{H) appears at higher temperatures 
for larger x, as seen in Fig. [2l Notice that a slightly non- 
linear /9j;y(H) is found for 1=0.16 even at the lowest tem- 
perature 2 K, while in a;=0.17 and 0.19, this nonlinearity 
starts to appear at temperatures above 10 K and 30 K, 
respectively, as indicated with blue triangles in Fig. [D 

The observed nonlinearity in pxy{S) in the OVD region 
in the intermediate temperature range suggests a com- 
petition between electron and hole bands. This unusual 
nonlinearity of pxy{R) might arise from spin fluctuations 
of SDW order in a quantum critical region associated 
with the QPT at Xc- As shown in Fig. 21 thermally ac- 
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the QCP locates near or just above the optimal dop- 
ing. However, the SDW gap closing field (about 30-40 T 
for a;=0.15) obtained from the nonlinear pxy{H) is much 



0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20 

Ce concentration x 

FIG. 4: (color online). A phase diagram for n-doped cuprates. 
Black squares and dash line arc the controversial AFM tran- 
sition temperature from Ref. 9, 10] and Ref. 14j respectively. 
The red line is Tc. The blue triangles mark the temperature 
above which the non- linear pxy{H) appears for each doping. 



tivated spin fluctuations (gap-like) in the OVD region at 
finite temperature could result in a mix of electron and 
hole contributions to pxy{H). This could be responsible 
for the sign change of the i?^f (T) [Fig. [T](a)] and the pos- 
itive upturn of the pxy{H) at high fields. In the critical 
region, an external perturbation, such as temperature or 
magnetic field, could change the relative impact of the 
two bands. The onset temperature of the high field non- 
linear pxy{S) shifts towards a higher temperature as x 
increases, which strongly suggests the system is further 
away from the critical region at higher doping. 

Interestingly, we notice that our MR is also qualita- 
tively consistent with the SDW model. In the UND re- 
gion, the low temperature nMR persists and saturates 
in high field, suggesting that the nMR is related to spin 
scattering At optimal doping, a positive MR is re- 
covered at a field where pxy{H) changes slope. The com- 
plete suppression of the nMR suggests the reduction of 
the spin contribution. For the OVD films [x >0.16), we 
find that the crossover in the field dependence of the MR 
is consistent with a recent theory. It has been shown [l^l 
that near a metaUic QCP, a quadratic MR (^ ~ TJ^) 
is expected for a system with a SDW gap and a linear 
MR without a gap. As shown in Fig[3{c) and (d), in the 
intermediate temperature range, the MR changes from 
quadratic to linear as the field increases while it is always 
linear at low temperature. This suggests the absence of 
the SDW gap at low temperature. In the spin fiuctua- 
tion region, the field suppressed spin contribution could 
be responsible for the recovery of the linear MR at high 
field. At much higher temperatures (above 150 K), the 
quadratic MR is restored. 

We have shown that our pxy{H) and pxx{H) are quali- 
tatively consistent with the SDW model, suggesting that 



smaller than that from the optics measurements 11|. 
Further quantitative theoretical calculations are needed 
to resolve this issue and to explain in detail the pxy{T, H) 
and Pxx{T, H) results that we report here. 

In summary, we performed high field resistivity 
and Hall effect measurements in the n-doped cuprate 
Pr2_j;Ce^Cu04_5. We find an anomalous non-linear Hall 
resistivity at high field above optimal doping at certain 
temperatures. We also observed a crossover of the field 
dependence of magnetoresistance at high field in the over- 
doped region. Our results are qualitatively consistent 
with the spin density wave gap induced Fermi surface re- 
arrangement model and also support the view that 
a quantum phase transition occurs under the supercon- 
ducting dome in this material. 
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